Abstract
Introduction

39
Barramundi are an obligate carnivorous fish species that is the basis of a significant 40 aquaculture industry in Southeast Asia and Australia (1). The development of high-nutrient density 41 formulated extruded feeds has been underpinned by the development of both a series of factorial 42 bioenergetic nutritional models and foundation empirical studies (1, 2, 3, 4, 5) . These nutritional 43 models have so far relied on the assumption that the dietary digestible energy (DE) source is 44 irrelevant; that is that the dietary DE derived from protein, lipid and starch is utilised with equal 45 efficiency, subject to key nutrients (e.g. protein) being provided at/or above minimum critical ratios to 46 energy supply (4, 5, 6, 7, 8, 9, 10) . 47 Each of the different macronutrients (starch, protein and lipid) supplies energy by distinct 48 metabolic pathways. In aquatic animals it is recognised that there are different levels of efficiency in 49 the utilisation of each these macronutrients for energy (11, 12) . It is now recognised that this 50 difference requires an amendment of the digestible nutritional values of each macronutrient to those 51 of metabolisable nutritional values and/or net energy nutritional values (9, 12, 13, 14) . Recent work 52 by Schrama et al. (14) examined the utilisation of both starch and lipid for growth by the omnivorous respectively. These observations clearly indicated that this fish species used lipid as an energy source 57 for growth more efficiently. However, the third key macronutrient, protein, was not considered in this 58 study. In that same study, Schrama et al. (14) in reviewing the literature identified that there was a 59 wide variability (0.31 to 0.82) in the kgDE of different studies. It was suggested that the three primary 60 reasons for this variability were: different dietary macronutrient compositions; trophic level of the fish 61 species; and the composition of the growth. In addition, there is increasing evidence that the roles of 62 gluconeogenesis, glycolysis and -oxidation play substantially different relative roles in energy 63 provision in fish compared to other vertebrates (11, 14, 15, 16, 17) . 64 The objective of this study was to determine the partial efficiencies of utilisation of each of
Diet preparation
74
Each of the diets used in this study were based on equivalent digestible energy densities, but 75 differed in the ratio of each of the macronutrient energy substrates. From this design it will be 76 possible to not only derive the partial efficiencies for each diet, but by overlaying a multiple 77 regression analysis of the responses, to derive the discrete partial energetic efficiencies for each of the 78 macronutrients used within each diet. The diets used in this study are based on those diets used in the 79 earlier study by Glencross et al (12) . In this experiment each of the diets were formulated to be ) on a digestible 82 basis, with the exception of the 'P' diet in which the digestible protein was 562 g kg -1
. An additional 83 diet (C) was used to provide a reference to diet specifications typically used in commercial diets.
84
Diets were made by mixing all the dry ingredients and then processed by the addition of the 85 oil component and water (about 30 % of mash dry weight) to all ingredients while mixing to form a 86 dough. The dough was then screw-pressed through a 4 mm diameter die using a pasta maker (Dolly, 87 La Monferrina, Castell'Alfero, Italy). The resultant moist pellets were oven dried at 65 ºC for 12 h 88 before being air-cooled, bagged and stored at -20 ºC. Formulations and composition of the diets are 89 presented in Table 1 . 
Fish handling
92
All animal procedures were approved by the CSIRO Animal Ethics Committee (Approval this study were based on 80% and 60% of the measured initial demand which was also consistent with 110 the model of Glencross (4). These rations were not adjusted over time. Each treatment was duplicated 111 within the 24-tank array, based on the plan for using regression analysis in this experiment it was 112 proposed that a 3 rations x 2 replicates design was stronger than a 2 rations x 3 replicates approach. (Table 3 ). The energy utilisation efficiencies (kJ/kg 0.8 /d) for each diet were described by the following The coefficient of utilisation (kE) was significantly lower for Diet S relative to each of the 224 other diets. Similarly, the utilisation coefficient for Diet C was also significantly lower than that of 225 Diets P and L. There was no difference in the energy utilisation coefficient between Diets P and L. Diets S and C, but not within those pairings.
231
Effect of macronutrient energy bias on protein and lipid energy utilisation
232
The pair-wise comparison within feed ration levels between each dietary treatment also 233 showed significantly different levels of protein energy retention between the starch diet and every 234 other treatment (Table 3) The coefficient of utilisation was significantly lower for Diet S relative to each of the other diets.
241
There was no difference in the protein energy utilisation coefficient (kPE) between Diets P, L and C.
242
There were also different levels of lipid energy retention between the starch diet and every 243 other treatment (Table 3 ). This resulted in the coefficient of utilisation being significantly higher for (Table 4 ). This assumes that each macronutrient is contributing part of the dietary energy proportional 258 to its content in the diet, its energetic value and a component utilisation value. Table1 and Table 3 ).
266
Although we have an assessment of the partial efficiency of lipid energy utilisation (Figure 3 and ration level. Gross Protein Intake (GPI) was highest by those fish fed Diet P at ration level H with 276 the corresponding lowest GPI at the same ration level being from Diet L (Table 3) . Faecal Protein 277 (FP) was also highest by those fish fed Diet P and this was consistent across each of the ration levels.
278
The lowest FP, again across each of the ration levels was also from Diet L. Digestible Protein Intake 279 (DPI) was highest by those fish fed Diet P at ration level H, and although these differences were 280 significant, they were much smaller than those seen on GPI. Protein losses through branchial and 281 urinary equivalents (BUN Peq) were highest by those fish fed Diet S at ration level H, though 282 differences at the lower ration levels were less obvious. Retained Protein (RP) at the highest ration 283 levels was similar from each of diet C, P and L, but significantly poorer from Diet S. The ratio of 284 RP/DPI was highest from those fish fed Diet C at ration level M. At ration level H there was no 285 significant difference among the RP/DPI for Diets C, P and L, but Diet S was significantly lower 286 (Table 3) .
287
Gross Lipid Intake (GLI) was highest by those fish fed Diet L at ration level H with the 288 corresponding lowest GLI at the same ration level being from Diet S (Table 3) . Faecal Lipid (FL) was 289 highest by those fish fed Diet P and this was consistent across each of the ration levels. The lowest 290 FL, across each of the ration levels was also from both Diets C and S. Digestible Lipid Intake (DLI) 291 was highest by those fish fed Diet L at ration level H, and for the other ration levels DLI was also 292 significantly higher from Diet L. Retained Lipid (RL) at the highest ration levels was similar from 293 each of diet C, P and S, but significantly higher from Diet L. The ratio of RL to DLI was highest from 294 those fish fed Diet S and this was consistent across each of the ration levels. The ratio of RL/DLI was 295 lowest from those fish fed Diet L and this too was consistent across each of the ration levels. The ratio 296 between RL/RP for Diets L and S were similar and significantly higher than those from fish fed Diets 297 C and P. In most cases this ration declined with declining ration, though no such effect was observed 298 with Diet C (Table 3) .
299
Gross Energy Intake (GEI) was highest by those fish fed Diet S at ration level H with the 300 corresponding lowest GEI at the same ration level being from Diet P (Table 3) . Among the lower 301 ration levels there was no significant differences in GEI. These differences were also reflected in the 302 DEI across the treatments. Faecal Energy (FE) was highest by those fish fed both Diet C and S and 303 lowest from those fish fed Diet P. BUE losses were highest from fish fed Diet S at ration level H and 304 M, though at the lowest ration level BUE was highest from Diet P. The highest metabolisable energy 305 intake (MEI) at ration level H was from Diet S, but at the two lower ration levels it was higher from 306 Diet C. Lowest MEI were from Diet P and the highest ration level (H), but at the two lower ration 307 levels the MEI intake was lower from Diet S. Retained Energy (RE) was highest by those fish fed 308 Diet L at ration level H, and poorest by fish fed Diet S at the lowest ration, although RE by fish fed 309 Diet S was poorest within each of the ration levels. Heat Production (HP) was highest, and 310 substantially so, in those fish fed Diet S at ration level H, though differences at the lower ration levels 311 were less obvious. Basal metabolism (HeE) had significant effects attributable to both diet and ration, 312 but not the interaction. The Heat increment energy (HiE) was highest by those fish fed Diet S at ration 313 level H, which was more than twice that of fish fed the same ration from Diet P. This effect was 314 reversed at the lower ration levels with higher HiE values observed from Diet S at the two lowest 315 ration levels. Net Energy intake (NEI) was highest by this fish fed Diet L and poorest by those fish 316 fed Diet S. Ration also had a clear effect on NEI, though differences between fish fed Diets C, P and 317 L at each of the ration levels were nominal. The NEI by fish fed Diet S were significantly lower at 318 each ration level. The ratio of RE/DEI typically declined with declining ration. The RE/DEI values 319 were similar between Diets P and L at reach of the ration levels, but significantly poorer by Diet S at 320 each ration level except the lowest one. Diet C was a little different to the other diets and showed a 321 largely consistent RE/DEI across the ration levels and at a high level (>50%) ( these treatments, the strategy of feeding each diet at specific ration levels has allowed us to build 334 substantially on earlier findings from using these same diets, that were previously fed over a much 335 longer term basis (12). Therefore, in the present study we focus our discussion on the effects within 336 ration levels to allow us to examine the diet specific effects. At the highest ration level, the responses 337 of growth were generally consistent with the earlier study (12). In that earlier study the best growth 338 was seen with Diet P, where as in the present study the best growth was seen with Diet L. However, in 339 both studies the poorest growth was seen with Diet S. At the lower ration levels (M and L) the growth 340 was not consistent with the pattern seen at the H ration level. At the lower ration levels, the best 341 growth was seen from Diet P, followed by Diet L and fish fed Diet S still performed the poorest.
342
These results are directly comparable to those from our earlier study and suggest that at the highest combines to provide the overall kE value for any particular diet (Table 4) . Using this premise, we 459 observed that the component protein energy utilisation value (kPE) was significantly impaired with 460 the higher inclusion levels of dietary starch (Diet S kPE = 0.412 cf. Diet L kPE = 0.582). In diets with 461 lower levels of digestible starch (e.g. Diet C kPE = 0.534; 111 g/kg), although a numerically lower 462 kPE was observed, it was not significantly reduced relative to those diets with nominal levels of 463 starch (e.g. Diet P kPE = 0.557).
464
The component lipid energy utilisation value (kLE) was highly variable compared to the other observing is an enhanced capacity of the animal to produce lipid from protein energy sources.
472
Although it is less efficient than that from lipid or protein, there is still substantial lipid synthesis from 473 starch energy occurring.
474
The component starch energy utilisation values (kSE) determined from using the multiple 475 regression approach were determined to be the same across all diets (kSE = 0.438). Energy deposition 476 from starch was clearly the least efficient of all the macronutrients (although a poorer kPE was noted 477 for Diet S). We suggest that barramundi has limited metabolic capacity to utilise starch derived 478 energy. While it can produce lipids from glucose precursors, it clearly does so at a less efficient rate 479 than that seen from either protein or lipid directly. Table 2 . Growth and feed utilisation responses for each treatment. Digestible energy value is derived from assumed energetic value of the digestible nutrient concentration in each diet. The calculated energy value of each diet is the sum of the component macronutrient digestible energy values. The measured energy value is the digestible energy measured from in vivo studies. Protein utilisation coefficients are derived from equations 5 to 8. Lipid utilisation for diets P and L, where starch was absent, are derived from equations 10 and 11. Component lipid utilisation coefficients for each of the diets were derived from multiple regression of energy utilisation equations (1 and 4). Similarly, component starch utilisation coefficients were derived by multiple regression of energy utilisation equations (1 and 4). Lipid energy gain (kJ/kg 0.8 /d) by barramundi when fed different rations of each experimental diet. The regression equation of each of the diets is also shown. There were no significant differences in the linear regressions among each of the control, protein, lipid and starch diet treatments. 
